The dynamics of magnetic relaxation of Tm atoms in cold helium gas is investigated using ab initio interaction potentials between Tm͑ 2 F͒ and He atoms. The interaction of Tm͑ 2 F͒ with He gives rise to four adiabatic potentials of ⌺ + , ⌸, ⌬, and ⌽ symmetries, which are found to be degenerate to within 0.1 cm −1 at all interatomic distances larger than R = 5.4 Å. The small splitting between the interaction potentials leads to suppression of Zeeman transitions in Tm-He collisions. Our quantum scattering calculations yield a small rate constant of 1.5ϫ 10 −15 cm 3 s −1 for Zeeman relaxation of the Tm͑ 2 F 7/2 ͒ atoms in the maximally stretched M =7/2 sublevel at the temperature 0.8 K, in reasonable agreement with the measured value ͑5.0± 2.1͒ ϫ 10 −15 cm 3 s −1 . The sensitivity of Zeeman-relaxation cross sections to details of the interaction potentials is examined. To our knowledge, this is one of only two comparisons of ab initio quantum scattering calculations with experimental measurements of inelastic collisions at subkelvin temperatures near one Kelvin. Our work thus demonstrates the feasibility of describing cold collisions from first principles.
I. INTRODUCTION
Recent progress in experimental work with cold atoms and molecules has revolutionized atomic and molecular physics. The observation of molecular Bose-Einstein condensation ͑BEC͒ ͓1-3͔, studies of degenerate quantum gases in the BEC-BCS crossover regime ͓4͔, and accurate measurements of the Casimir force in atom-wall interactions ͓5͔ are just a few examples of recent ground-breaking results. The field of cold atoms and molecules is rapidly expanding into new directions such as ultracold chemistry, quantum information, precision spectroscopy, and fundamental symmetry tests ͓6͔. The success of the work in these areas will rely upon correspondence between theory and measurement. A rigorous theoretical description of complex atomic and molecular systems at temperatures near absolute zero remains a challenge for modern quantum chemistry. The large de Broglie wavelength pertaining to the ultracold regime imposes unprecedented requirements for the accuracy of interatomic interaction potentials. In addition, perturbations due to external electromagnetic fields of cold experiments are larger than the translational temperature of cold atoms so it is necessary to include external fields explicitly in the calculations ͓7͔.
Ultracold atoms and molecules are produced by evaporative cooling of thermally isolated trapped gases. One of the most general techniques for trapping atoms and molecules relies on thermalization of the species to be trapped in a cold gas of He in the presence of strong magnetic fields-the method known as buffer-gas loading ͓8͔. Buffer-gas loading yields large and dense samples of trapped atoms and molecules and may potentially lead to BoseEinstein condensates of unprecedentedly large volume ͓9͔. The method is applicable to a large variety of atoms and molecules that cannot be cooled and trapped with other techniques.
In this work, we address a recent experiment on magnetic trapping of cold lanthanide atoms in a He buffer gas ͓10,11͔. Lanthanide atoms are complex systems characterized by large electronic spin and orbital angular momenta. They are entirely different from alkali-metal and alkaline-earthmetal atoms cooled to ultracold temperatures in multiple previous experiments. Trapping lanthanide atoms therefore expands the scope of cold-atom physics to a great extent. It may allow for studies of nonadiabatic effects in cold collisions, the development of new schemes for quantum computation, the creation of new systems for atom lasers and, perhaps, the discovery of novel effects in condensed-matter physics, as quantum degenerate gases of atoms with nonzero electronic orbital angular momenta may exhibit novel properties.
The interaction of the lanthanide atoms with He gives rise to several coupled electronic states. An analysis of the experimental data on Zeeman relaxation in a magnetic trap ͓12͔ has shown that the interaction potentials between the lanthanide and He are nearly degenerate over a wide range of *Also at: Department of Chemistry, Oakland University, Rochester, Michigan 48309, USA. interatomic distances. In particular, it was demonstrated that the splitting between the interaction potentials is only a few hundredths of a wave number, which is much less than the accuracy of routine quantum chemistry calculations. An ab initio simulation of lanthanide atoms in a magnetic trap in a buffer-gas loading experiment is therefore a very challenging task involving ͑i͒ accurate calculations of the interaction potentials between lanthanide and He for all electronic states correlating with the ground states of the separated atoms; ͑ii͒ scattering calculations in the presence of a magnetic field; ͑iii͒ proper averaging of the calculation results over magnetic fields and collision energies in the trap. Using the Tm-He complex as a representative example, we demonstrate the feasibility of such an ab initio approach by comparison of our calculation with the experimental measurement. We explore the sensitivity of the dynamical results to the interaction potential and show that the presence of shallow van der Waals interaction minima may dramatically modify the collision dynamics at temperatures near 1 K. The attractive interaction leads to shape resonances that strongly affect the energy and magnetic-field dependence of the collision cross sections.
The electronic structure of the lanthanide atoms is determined by several unpaired electrons occupying f orbitals submerged under the closed 6s 2 shell. Although the electronic potentials of lanthanide dimers and clusters have been studied by several authors ͑see, for example, Refs. ͓13-15͔ and references therein͒, little is known about van der Waals interactions in weakly bound complexes of lanthanide atoms with closed-shell atoms and molecules. To our knowledge, our recent work was the first ab initio study of interaction potentials between an open-shell lanthanide atom and He and it elucidates the main features of van der Waals bonding that could be characteristic for complexes of all lanthanide atoms with He ͓16͔.
This introduction is followed by a brief description of the interaction potentials between Tm and He with a particular emphasis on how different ab initio methods describe the attractive and repulsive parts of the interaction. Scattering calculations of Zeeman-relaxation cross sections and rate constants are presented in the next section along with an analysis of the dynamics sensitivity to the interaction potentials and a comparison with the experimental data. The conclusions are summarized in the final section.
II. INTERACTION POTENTIALS
Among the lanthanide atoms studied in the buffer-gas loading experiment ͓10͔, Tm is simplest for an ab initio study. The Tm atom has one hole in the f electronic shell ͑4f 13 6s 2 ͒ so its electronic structure can be described using relatively small multiconfigurational expansions. The ground state of Tm has 2 F symmetry ͑electronic orbital angular momentum L =3͒ and the interaction of Tm with He gives rise to four adiabatic states 2 ⌺ + , 2 ⌸, 2 ⌬, and 2 ⌽ corresponding to the projections ⌳ =0,1,2, and 3 of L on the diatomic molecule axis.
The details of the ab initio calculations of these four states have been reported in a separate paper ͓16͔. Below we outline only briefly the procedures and main findings.
The one-electron basis set for the Tm atom included the relativistic effective core potential ECP28MWB ͓18͔, representing the innermost 28 electrons, and the supplementary atomic natural orbital basis set for the remaining electrons ͓19͔. This basis set is hereafter denoted as ANO. Since the ANO basis does not reproduce the polarizability of the Tm atom very well, polarizability-optimized diffuse p and d functions ͓16͔ were added to construct an ANO+ pd basis set. For He, the augmented correlation-consistent quadruple͑aug-cc-AVQZ͒ basis set was always used ͓20͔.
The correlated calculations were carried out using the complete active space self-consistent field ͑CASSCF͒ method as implemented in the MOLPRO package of programs ͓17͔. The CASSCF calculations involved averaging over all seven ⌳ components of the 2 F state that originate from distributing 15 electrons over eight orbitals of the 4f and 6s shells. The CASSCF wave functions were used as the reference for the multireference averaged quadratic coupled cluster ͑AQCC͒ calculations. The interaction energies were calculated using the counterpoise correction ͓21,22͔. Since the AQCC method is not size extensive, the so-called residual size-consistency terms were also taken into account ͑see Ref.
͓16͔ for more details͒.
The sets of four adiabatic potentials V ⌺ , V ⌸ , V ⌬ , and V ⌽ were derived at four levels of theory, which differ in the basis set employed ͑i.e., inclusion of the pd augmentation͒, and in the correlation treatment ͑CASSCF or AQCC͒. In all cases four adiabatic states are nearly degenerate. However, the CASSCF potentials, which account primarily for the repulsive Heitler-London interaction, are entirely repulsive. The diffuse pd augmentation does not play any role and CASSCF potentials obtained with the ANO and ANO+ pd basis sets are practically indistinguishable. We will use below only the CASSCF or ANO set of potentials, denoting it simply by CASSCF. The AQCC method takes into account the attractive dispersion energy and produces the potentials with shallow minima. The diffuse pd augmentation of this basis improves the potentials significantly, allowing for better description of the Tm polarizability. In what follows, we will refer to the AQCC and ANO potentials as AQCC and to the AQCC and ANO+ pd potentials as AQCC− pd.
The interaction potential between open-shell atoms can be represented in an effective form as a function of the internuclear distance and tensors describing the orientation of nonspherical electron distributions with respect to the R axis ͓23͔. When one of the interacting atoms is in the electronic S state this effective potential reduces to a Legendre expansion ͓23,24͔
where r denotes collectively the position vectors of the valence electrons in the open-shell atom. The radial coefficients V are uniquely related to the adiabatic potentials V ⌳ ͓23,24͔.
The radial dependences of the isotropic = 0 and the first anisotropic = 2 terms in the expansion ͑1͒ are depicted in Fig. 1 . It is evident that AQCC calculations are sensitive to the quality of the basis set. The AQCC− pd calculation with the polarizability-optimized basis set leads to a smaller equilibrium distance R eq = 6.21 Å and a deeper potential well D e = 2.35 cm −1 than those obtained in the AQCC calculations without diffuse functions, R eq = 6.29 Å and D e = 1.71 cm −1 . The CASSCF calculations yield an exponential dependence for the interaction anisotropy V 2 . The V 2 term computed with the AQCC method has a similar behavior at small R, but changes sign at larger interatomic separations and exhibits a very shallow minimum ͑note that the scale is magnified in the lower panel of Fig. 1͒ . In this region, V 2 is dominated by the anisotropy of the dispersion interaction. It can be attributed to the anisotropy of the C 6 dispersion coefficient, C 6,2 , related to the tensor polarizability ␣ 2 of the Tm atom. According to the experimental data ͓25͔ and our ab initio calculations ͓16͔, ␣ 2 ͑Tm͒ is negative so the ratio C 6,2 / C 6,0 must be positive ͓26͔. This yields the −C 6,2 / R 6 asymptotic dependence for the V 2 term. Figure 1 shows that both the AQCC and AQCC− pd results follow the same trend and the dispersion anisotropy from the AQCC− pd calculations is three times larger.
The V =4 and V =6 terms computed with the CASSCF method are negligibly small in comparison with the V =2 term. By contrast, the AQCC calculations yield the V =4 term comparable with V 2 near the van der Waals minimum ͑see Fig. 2 in Ref. ͓16͔͒. This indicates that the dipole-quadrupole dispersion interaction varying as R −8 with the interatomic separation can be important for inelastic atomic collisions at cold temperatures. It should be noted in this regard that the AQCC calculations do not include triple excitations which are essential to accurate description of the dispersion energy. Only for one of the adiabatic states, 2 ⌬ ͑which is essentially a single reference state͒, was it possible to apply the coupled cluster approach with single, double, and noniterative triple excitations ͓CCSD͑T͔͒ ͓16͔. Unfortunately, the same could not be done for the other states, so the splitting of the adiabatic potentials could not be evaluated at the CCSD͑T͒ level.
The accuracy of the ab initio calculations improves in the sequence of the CASSCF, AQCC, and AQCC− pd results leading to increasing effect of the long-range attractive interaction. The CASSCF interaction potentials are purely repulsive. The use of the AQCC method leads to interaction potentials with the potential minimum and the repulsive wall shifted toward shorter distances R, which modifies both the isotropic and anisotropic parts of the total effective potential. A comparative study of Tm+ He scattering dynamics using these three potentials presented in the next section demonstrates the role of the repulsive and attractive interactions in collisions at cold temperatures.
III. ZEEMAN RELAXATION
Hancox and co-workers ͓10͔ reported a measurement of Zeeman-relaxation kinetics in collisions of Tm͑ 2 F 7/2 ͒ atoms in the low-field-seeking Zeeman energy levels with 3 He in a magnetic trap at a temperature of 0.8± 0.2 K and deduced the relaxation rate for atoms in the maximally stretched M =7/2 level. The potential energy of the trapped atoms was assumed to follow a Boltzmann distribution over magneticfield strength varying from 0 to about 2.2 T ͓11,27-29͔.
We have computed the cross sections and rate constants for the Zeeman relaxation in collisions of Tm atoms in the M =7/2 state with 3 He using the approach described in Refs. ͓23,30͔ and the interaction potentials described in the previous section. The cross sections were computed at 70 collision energies E coll covering the interval from 10 −6 to 10 cm −1 by summing over partial waves with the relative orbital angular momentum l up to 10. The Zeeman relaxation probability was summed over all possible MЈ M inelastic channels. The CASSCF adiabatic potentials were represented by simple exponentially decaying functions A ⌳ exp͑−␣ ⌳ R͒. The AQCC and AQCC− pd potentials were fitted at long range to the form −C 6 ⌳ / R 6 and interpolated by cubic splines at short and intermediate distances. The functions were smoothly matched at R Ϸ 20 Å ͑the smoothness of the first and second derivatives was verified by the finite-difference method using the same radial grid as implemented in the scattering calculations͒. Figure 2 shows the magnetic-field dependence of the Zeeman-relaxation rate constant computed with the different potentials. The relaxation rate computed with the CASSCF potentials increases monotonically with the field strength. The rate computed with the AQCC potentials decreases in the interval of magnetic fields from 0 to about 0.2 T, passes through a minimum and increases at higher fields. This dependence is a consequence of a shape resonance as can be seen in Fig. 3 , which presents the Zeeman-relaxation cross sections as functions of the collision energy E coll at different field strengths. The CASSCF cross sections decrease as inversely proportional functions of the collision velocity in the limit of small energies ͓31͔, pass through a minimum at collision energies of about 0.001-0.15 cm −1 and increase at higher collision energies. By contrast, the cross sections computed with the AQCC potentials show a prominent resonance peak at E coll Ϸ 0.04 cm −1 and at all magnetic-field strengths. The position of the resonance does not vary with B, but its contribution to the Zeeman-relaxation rate strongly depends on the magnetic field strength. At magnetic fields below 0.2 T, the threshold enhancement of the background cross section begins at very low energies and the resonance gives a major contribution to the rate constant. At higher fields, the threshold variation of the cross section extends to larger collision energies and suppresses the role of the resonance, which almost disappears at B Ϸ 2 T. The cross sections computed with the AQCC− pd potentials exhibit two resonance peaks. These resonances are, however, much broader so they do not affect the relaxation dynamics even at low magnetic fields.
The Zeeman relaxation rate computed with the CASSCF potentials is about 60% smaller at low fields and slightly larger at high fields than that calculated with the AQCC potentials, despite the CASSCF calculation gives generally more anisotropic Tm-He interaction ͑see Fig. 1͒ . However, the anisotropy of the AQCC potentials appears to be three times larger than that of the CASSCF potentials if compared at the classical turning point ͑marked by the arrows in Fig. 1͒ of the isotropic V 0 potential at l = 0 with the collision energy 0.56 cm −1 corresponding to the maximum of the MaxwellBoltzmann distribution at 0.8 K. The presence of an attractive interaction in the V 0 term of the AQCC potential allows the colliding atoms to approach more closely, thus increasing the effective interaction anisotropy. This is also reflected in the magnitude of the Zeeman-relaxation cross sections at low collision energies ͑see Fig. 3͒ . At collision energies around 1 cm −1 , however, the CASSCF potentials lead to larger cross sections due to the more significant increase of V 2 . The short-range anisotropies of the AQCC and AQCC− pd potentials are alike and the corresponding rate constants are similar.
To explore the contribution of higher-order anisotropic terms V 4 and V 6 , we repeated the calculations with only two terms V 0 and V 2 in the expansion ͑1͒. Figure 2 summarizes the results. The contribution of the higher-order terms varies from about 15% to 35% as the magnetic-field strength increases. We can see from Eq. ͑26͒ in Ref. ͓23͔ that the V 2 term couples the Zeeman levels with ⌬M = ± 1 , ± 2 and the transitions with ⌬M = ± 1 , ± 2 should be most efficient. Our calculations confirm that the transitions to the MЈ =5/2 and MЈ =3/2 states strongly dominate the total Zeeman relaxation, although the contribution of larger ͉⌬M͉ transitions may be as large as 20% at the highest collision energies considered. To evaluate the rate constant for total Zeeman relaxation in a magnetic trap, we integrated the field-dependent rate constants with a normalized Boltzmann distribution function. The calculations with the AQCC and AQCC− pd potentials give the same result, ⌫ inel = 1.5ϫ 10 −15 cm 3 s −1 Given the small magnitude of the rate constant, it is in good agreement with the measured value ͑5.0± 2.1͒ ϫ 10 −15 cm 3 s −1 ͓11͔. The calculation with the CASSCF potentials gives a smaller value of the rate constant, 1.0ϫ 10 −15 cm 3 s −1 . There is a measure of chance in the similarity of the total Zeeman-relaxation rates for three rather different sets of potentials. The difference in the energy dependence of the inelastic cross sections shown in Fig. 2 manifests itself in the variation of the rate constants with temperature presented in Fig. 4 for the magnetic-field strength 1 T. The rate constant calculated with the CASSCF potentials increases monotonically with increasing temperature from the zero-temperature value determined by the Wigner threshold law ͓31,32͔. The rate computed with the AQCC− pd potentials is almost independent of temperature and the AQCC results exhibit a maximum originating from the resonance features of the cross section. Figure 4 shows that even though all three rate constants are indeed similar around T = 0.8 K, the difference between the CASSCF and AQCC results is more than one order of magnitude at T = 0.01 K. The difference between the AQCC and AQCC− pd rate constants is smaller and it is determined in part by the resonance effects.
More accurate CCSD͑T͒ calculations for the Tm-He interaction in the ⌬ state mentioned above indicated that the AQCC and AQCC− pd approaches may overestimate the equilibrium distance by 0.3 Å and underestimate the well depth by 25-30 % ͓16͔. The former factor should increase the interaction anisotropy in the important region near the turning point, while the latter could enhance the resonance contribution to the relaxation rate, so the use of more accurate potentials will likely bring the theoretical rate constant into better agreement with the experimental measurements.
IV. SUMMARY AND CONCLUSIONS
The interaction of Tm with He gives rise to four adiabatic electronic potentials. The ab initio calculation demonstrated that the interaction potentials are degenerate to within 0.1 cm −1 at all interatomic separations larger than R = 5.4 Å and that the Tm-He complex is weakly bound by dispersion forces. The ab initio potentials were used in the quantum scattering calculations of the Zeeman relaxation rate in cold Tm+ He collisions.
The results can be summarized as follows. ͑i͒ Our calculations support the empirical model for lanthanide-He interactions developed in Ref.
͓12͔ to obtain information on the electronic interaction anisotropy and the splitting between the interaction potentials from the experimental data on inelastic atomic collisions. The energy difference between the most accurate AQCC− pd potentials at the collision turning point corresponding to T = 0.8 K is 0.08 cm −1 , which is only slightly larger than the maximum splittings 0.057 and 0.065 cm −1 determined in Ref. ͓12͔ using two different parametrizations.
͑ii͒ We have computed the rate constant for Zeeman relaxation in cold collisions of Tm atoms with He in a magnetic trap. Our results are in agreement with the experimental measurements. The dynamics of Zeeman relaxation at temperatures near 1 K shows little sensitivity to the interaction potentials; however, the calculations with the different interaction potentials yield significantly different temperature dependences of the rates. In particular, our analysis shows that the account for the attractive dispersion interaction may dramatically modify the energy and magnetic-field dependence of the Zeeman-relaxation cross sections and rate constants due to shape resonances at subkelvin energies. Measurements of the temperature and magnetic-field dependences of collision rates in cold gases may therefore reveal intimate details of the interaction potentials.
͑ii͒ The extremely small rates of Zeeman relaxation in lanthanide-He collisions, which allow for magnetic trapping of lanthanides ͓10͔, are due to suppression of the interaction anisotropy in complexes of atoms with valence electronic shells submerged under a spherical closed s shell. The hypothesis that the outer spherically symmetric paired electrons screen out the effect of the inner nonspherical electrons, was suggested previously ͓33-35͔ to explain the suppression of Zeeman relaxation in collisions of transition metal atoms Ti and Sc with He. In agreement with the experimental measurements of Zeeman relaxation ͓10,33͔ and atomic tensor polarizabilities ͓25,36͔, the present results demonstrate an even stronger suppression of the interaction anisotropy in complexes involving lanthanide atoms.
͑iv͒ Our calculation shows that current state-of-the art ab initio theories ͓37͔ can be used to describe subtle effects of FIG. 4 . ͑Color online͒ Zeeman-relaxation rate constants as functions of the temperature at the magnetic-field strength 1 T.
weak interactions, resulting in energy differences between different electronic states of less than 0.1 cm −1 . Following Ref. ͓38͔, the present study is only the second comparison of a quantum scattering calculation with a measurement of inelastic collisions at temperatures near one Kelvin. Our work thus demonstrates the feasibility of describing cold collisions from first principles.
We hope that our work will motivate further studies of van der Waals complexes with lanthanide atoms.
